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T h i s  r e p o r t  p r e s e n t s  a brief review of annu la r  seal  theo ry  as  

r e l a t ed  t o  rotordynamics f o r  l i q u i d  seals . I t  a l s o  i n c l u d e s  an 

overview of C h i l d s  and K i m ' s  E 1 1 1  c u r r e n t  theory f o r  c & l c u l a t i n g  

e m p i r i c a l  t u rbu lence  c o e f f i c i e n t s  and p r e d i c t i n g  s t i f f n e s s  and damping 

c o e f f i c i e n t s  f o r  s u r f a c e  roughened "damper" seals. The d e s i g n a t i o n  

"sawtooth-patternV1 refers t o  a seal s t a t o r  w i t h  a roughness p a t t e r n  

whose c r o s s  s e c t i o n  normal t o  the seal  a x i s  resembles a sawtooth w i t h  

the t ee th  directed a g a i n s t  the flow. The n e t  s t i f f n e s s  and damping 

c o e f f i c i e n t s  f o r  t h e  e l even  s e a l s  are compared t o  each other,  a smooth 

seal, and t h e  opt imm-configurat ion damper seal p rev ious ly  t e s t e d .  The 

expe r imen ta l  f o r c e  c o e f f i c i e n t s ,  t h e  n e t  damping, and t h e  n e t  s t i f f n e s s  

c o e f f i c i e n t s  for four of the sawtooth seals are compared t o  t h e  

p r e d i c t i o n s  of C h i l d s  and K i m ' s  a n a l y s i s .  

The sawtooth p a t t e r n  seals had less n e t  damping than  t h e  hole- 

p a t t e r n  seal but  more than  t h e  smooth seal .  The s t i f f n e s s  was 

comparable t o  t h e  ho le -pa t t e rn  seal. Both the  sawtooth and h o l e - p a t t e r n  

seals leaked less than  t h e  smooth seal ,  while  t h e  sawtooth-pat tern sea l  

w i t h  maximum damping leaked more t h a n  t h e  ho le -pa t t e rn  seal. The 
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theore t ica l  p r e d i c t i o n s  compared r e l a t i v e l y  poor ly  t o  t h e  exper imenta l  

r e s u l t s  obtained for the  rotordynamic c o e f f i c i e n t s  of t he  s e a l s  

i n v e s t i g a t e d .  
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Experience has  shown t h a t  l i q u i d  pump sea ls  can have a s i g n i f i c a n t  

e f f e c t  on pump rotordynamic c h a r a c t e r i s t i c s .  I n  a ser ies  of 

p u b l i c a t i c n s  Blsck and Jensse:! [1,2,3,4] exp la ined  t h e  in f l . l encc  of 

s e a i  f o r c e s  OTI pun;p r o t o r a y n m i c  behavior.  A d c i t i o n a l l y ,  s t a b i l i t y  

pr.2blen.s kith t h e  Space ShJttle !%i? Engine  were f 0 . x - C  t o  t e  c r ; l c i a l ly  

dependent on i t s  i n t e r s t a g e  sez l  design [ 52 ,  p r o r p t i n g  f u r t h e r  

r e s e a r c h  i n t o  t h e  f o r c e s  developed by l i q u i d  s e a l s .  

The two t y p e s  of pump s e a l s  which have p o t e n t i a l  f o r  developing 

s i g n i f i c a n t  r o t o r  f o r c e s  a r e  i l l u s t r a t e d  i n  F ig .  1 .  The neck- or wear- 

r i n g  s e a l s  reduce t h e  back leakage flow a long  t h e  f r o n t  s u r f a c e  of t h e  

impe l l e r .  The i n t e r s t a g e  s e a l s  reduce t h e  leakage from an impe l l e r  

i n l e t  back a long  t h e  s h a f t  t o  the back s i d e  of t h e  preceding i m p e l l e r .  

B o t h  of these sea l s  can s i g n i f i c a n t l y  i n f l u e n c e  t h e  rotordynamic 

response of any m J l t i s t a g e  pump. 

A s  r e l a t e d  t o  rotordynamics,  analysis .  of s ea l s  has  t h e  o b j e c t i v e  

of d e f i n i n g  r e a c t i o n  forces a c t i n g  on the  r o t o r  as  a consequence of 

s h a f t  motion. Due t o  the s i m i l a r i t i e s  between a n n u l a r  seals and j o u r n a l  

b e a r i n g s ,  seal  a n a l y s i s  is gene ra l ly  based on governing e q u a t i o n s  

developed f o r  bea r ings .  

A l i n e a r i z e d  seal model which a p p l i e s  f o r  small motion of t h e  

r o t o r  about a c e n t e r e d  p o s i t i o n  i n  t h e  sea l  and r e l a t e s  r e a c t i o n  f o r c e s  

J o u r n a l  Model: ASME J o u r n a l  of Tribology 
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Fig. 1 Interstage and neck-ring seals for 
a centrifugal pump 
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a n d  s h a f t  motion is expres sed :  

I n  Eq. 1 t h e  d iagonal  c o e f f i c i e n t s  are referred t o  as 

"d i rec t" ,  w h i l e  t h e  off diagonal  c o e f f i c i e n t s  are re fer red  t o  as  

a 

a 

a 

0 

f lcross-coupledl l  due t o  t h e  co;lpling e f f ec t  t h e y  e x h i b i t .  That  i s ,  

motio:! i n  one p lane  c z J s e s  a r e a c t i o n  f o r c e  in  an or thogonal  one.  

While annular  s e a l s  and j o u r n a l  bea r ings  may be  geomet r i ca l iy  

s i m i l a r ,  t hey  d i f f e r  i n  t h z t  seals  t y p i c a l l y  have r a d i a l  c learence- to-  

r a d i J s  r a t i o s  on the  order of 0.005 as apposed t o  0.001 for bea r ings .  

Because of these c l e a r e n c e s  a n d  t h e  p r e s s u r e  d i f f e r e n t i a l  across t h e  

seal ,  ful ly-developed t u r b u l e n t  f low u w a l l y  e x i s t s  i n  t h e  sea l .  

A d d i t i o n a l l y ,  u n l i k e  p l a i n  j o u r n a l  bea r ings ,  seals develop a 

s i g n i f i c a n t  d i rec t  s t i f f n e s s  in  t h e  c e n t e r e d  p o s i t i o n .  T h i s  phenomenon, 

first poin ted  o u t  by Lomakin  [61, arises due t o  the d i s t r i b u t i o n  

of the p r e s s u r e  drop  between (a)  i n l e t  losses,  and ( b )  t h e  a x i a l  

press; l re  g r a d i e n t  caused by wall  f r i c t i o n  losses. 

E a r l y  a n a l y t i c a l  a n d  experimental  developments g e n e r a l l y  deal t  

w i t h  the %rnoothw seal where both t h e  ro tor  and s ta tor  were assumed t o  

have t h e  same nominally smooth s u r f a c e  roughness .  These early 

a n a l y t i c a l  and exper imenta l  developments are provided i n  C h i l d s '  [7,8] 

f i n i t e - l e n g t h  s o l u t i o n  a n a l y s i s .  C h i l d s '  f i n i t e - l e n g t h  a n a l y s i s  of 

c o n s t a n t c c l e a r a n c e  and convergent- tapered t u r b u l e n t  seals for  small 

motion about  a c e n t e r e d  p o s i t i o n  was based on Hirs' C91 t u r b u l e n t  
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l u b r i c a t i o n  equat ion .  The a n a l y s i s  and s o l u t i o n s  p r e s e n t e d  i n  [7] and 

[SI incorpora ted  a l l  of B l a c k  et  a l . ' s  [2,3,41 v a r i o u s  developments and 

u s e d  a s i n g l e  d e r i v a t i o n  from one s e t  of governing equa t ions  y i e l d i n g  

results which inc luded  a l l  p r e v i o u s  developments. 

To improve t h e  ro tordynamic  charac te r i s t ics  of pump sea ls ,  t h e  

"damper sea l"  which employs a smooth r o t o r  and d e l i b e r a t e l y  su r face -  

roughened s t a t o r  was proposed by von Pragena,J [ l o ] .  Von Pragenail 's  

a n a l y s i s  demonstrated t h a t  t h e  damper s e a l  y i e l d s  lower asymptot ic  

circumYerentia1 fl J i d  v e l o c i t i e s  i n  t h e  s e a l  w h i c h  im;iies a r e d u c t i o n  

of t h e  cross-coupled s t i f f n e s s .  S i n c e  t h e  cross-coupled s t i f f n e s s  

produced a d e s t a b i l i z i n g  force,  t h e  r e d u c t i o n  i n  c ross -cogplea  

s t i f f n e s s  increased  t h e  rotordynamic s t a b i l i t y .  

The damper s e a l  was f u r t h e r  s t d d i e d  by C h i l d s  and K i m  [ l l ]  . 
They developed a f i n i t e - l e n g t h  numerical  s o l u t i o n  for  t h e  damper s ea l  

based on a s l i g h t  m o d i f i c a t i o n  t o  Hirs' govern ing  e q u a t i o n s  t o  account  

fo r  d i f f e r e n t  s u r f a c e  roughnesses  on t h e  rotor and s t a t o r  e lements .  

C h i l d s  a 7 d  K i m  a lso r e p o r t e d  encouraging a n a l y t i c a l  and expe r imen ta l  

r e s u l t s  for  s e v e r a l  ho le -pa t t e rn  damper seals  [12],  which had a 

conf igu ra t ion  as i l l u s t r a t e d  i n  Fig.2.  

Encouraging expe r imen ta l  r e s u l t s  [ 131 fo r  t h e  o r i g i n a l  sawtooth-  

p a t t e r n  axial p roposa l  of t e s t i n g  and a n a l y s i s  

o f  a sawtooth p a t t e r n  damper seal .  The sawtDoth-pat tern sea l  is based  

on t h e  idea t h a t  d i r e c t i n g  t h e  t e e t h  of t h e  sawtooth-pa t te rn  cross 

s e c t i o n  aga ins t  t he  f l u i d  r o t a t i o n ,  as shown i n  F ig .  3, w i l l  f u r t h e r  

r educe  the asymptot ic  c i r c u m f e r e n t i a l  f l u i d  v e l o c i t i e s  and hence,  

i n c r e a s e  t h e  rotordynamic s t a b i l i t y .  

groove seal l e d  t o  t h e  

4 

4 

4 

4 
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Due t o  t h e  importance of rotordynamic response ,  t h i s  r e p o r t  

examines t h e  e f f e c t s  of geometric v a r i a t i o n s  i n  t h e  sawtooth p a t t e r n  

s e a l s  on t h e  rotordynamic c o e f f i c i e n t s .  Based on t h e  results from t h e  

s awtoo th ,  ax ia l -groove  s e a l  C131, t h e  idea  was examined t h a t  a sawtooth 

p a t t e r n  s e a l  could be developed w i t h  b e t t e r  rotordynami c 

c h a r a c t e r i s t i c s  than the  hole-pa t te rn  damper s e a l .  

C h i l d s  and Kin's a ? a l y s i s  is t h e  most complete c u r r e n t  a n a l y s i s  

f o r  c a l c . d a t i n g  dynamic c o e f f i c i e n t s  of s a - f a c e  roughened s e a l s  and was 

used t o  o b t a i n  a t h E 3 r e t i c a l  comparis-\n f o r  t h e  e x F e r i w n i a l  da ta  f o r  

s e v e r a l  of  the  sahL3oth-pattern sea:s. Although the  s a u t x t h  p a t t e r n  

s ez l s  do not e n t i r e l y  cmform t o  C h i l d s  and K i m ' s  requirement  of having 

a d i r e c t i o n a l l y  hornogene3a.s s i r f a c e  r o l g h n e s s ,  s e v e r a l  of t he  s e a l s  had 

an approximately homogeneo;ls su r f ace  roughness .  The s e a l s  which are 

compared t o  theory  are those w i t h  "square"  ho le s  which provided 

a somewhat homogeneo.is s t l r face roughness on t h e  s e a l  s ' i r f ace .  

a 



CHAPTER I1 

TEST APPARATUS A N D  METHOD 

The  experimental  r e s u l t s  r e p o r t e d  here were developed a s  p a r t  o f  

an  ex tended ,  NASA-funded, h igh  Reynolds-number t e s t  program of  pump 

s e a l  conf ig? i r a t ions  i n  suppor t  o f  t h e  SSME (Space S h i ' i t t l e  Main Engine) 

deve loprent  program. Most of t h e  d e t a i l e d  i n f 9 r n z t i o n  d i s c u s s i n g  t h e  

t e s i  f zc ; ; i t y  d e s c r i p t i o c ,  t h e  d a t a  s q , J i s i i i o r ,  and t h e  tes 'Ling 

p r o c e d i r e s  is not r e p e a t e d  here,  bu t  is avhi la ' t l e  i n  e a r l i e r  r e p o r t s  

[ 1 3 , 1 4 3 .  T h i s  s e c t i o n  reviews t h e  t e s t  s e c t i o r i  and seal  c o n f i g u r a t i o z s  

and t h e  method used t o  o b t a i n  t h e  s t i f f n e s s  and damping c o e f f i c i e n t s  

f o r  t h e  s e a l s .  

Apparatus .  High Reynolds-nmbers , comparable t o  t h o s e  o c c u r i n g  i n  t h e  

SSKE cryogenic turbopumps, are  achieved u s i n g  Halon, CBrF3 ,  a s  a t e s t  

f l u i d .  Halon is a Dupont-manufact*wed f i r e - e x t i n g Q i s h e r  f l u i d  and 

r e f r i g e r a n t  which combines a low a b s o l u t e  v i s c o s i t y  and h igh  d e n s i t y  

r e s u l t i n g  i n  a kinematic v i s c o s i t y ,  a c t u a l l y  lower t h a n  l i q u i d  hydrogen 

[15] .  The s e a l  t e s t  s e c t i o n  is shown i n  F ig .  4 .  F l u i d  e n t e r s  t h e  t e s t  

s e c t i o n  i n  the c e n t e r  and is d ischarged  a x i a l l y  through t h e  t e s t  sea ls ,  

which are s t a t o r  i n s e r t s  p r e s s e d  i n t o  t h e  t es t  s e c t i o n  housing. The 

s e a l  r o t o r  segments are mounted e c c e n t r i c a l l y  on t h e  r o t o r  s h a f t  w i t h  a 

g iven  e c c e n t r i c i t y  A .  R o t a t i o n  of t h e  e c c e n t r i c a l l y  mounted segments 

produces a synchronously-precessing p r e s s u r e  f i e l d .  The t r a n s i e n t  

p r e s s u r e  f i e l d  is measured by axia l ly-spaced ,  s t ra in-gauge  p r e s s u r e  

e 

a 

(I 

t r a n s d u c e r s .  The r e l a t i v e  rotor  motion X ( t ) ,  Y ( t >  is s imul taneous ly  

4 
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measured by capaci tance- type proximity probes .  The t r a n s i e n t  p r e s s u r e  

f i e l d  measurements are i n t e g r a t e d  and r e s o l v e d  para l le l  and normal t o  

t h e  r o t o r  e c c e n t r i c i t y  vec to r  t o  d e f i n e  F r / A  and Fe/A r e s p e c t i v e l y .  For  

a g iven  t e s t ,  f i v e  t o  t e n  c y c l e s  of d a t a ,  c o n t a i n i n g  on t h e  order of 

2000 data p o i n t s ,  are r eco rded  and ana lyzed  t o  y i e l d  a c a l c u l a t e d  

ave rage  and s t anda rd  d e v i a t i o n  for F r / A  and F / A .  

S t a t o r  conf igura t ions .  All of t h e  sawtoo th -pa t t e rn  s e a l s  t es ted  heve 

t h e  Sam? 4 inch (101.6 mn;: i n t e r n a l  d i ame te r ,  1 . 9 6  inch (49 .9  m.! 

0 

lengtk, ,  a n d  0.020 inch ( .5% EL..> m i n i n i r  r k a i i l  c learance .  The sea: 

g e m e t r i e s  a r e  va r i ed  by changing the  t o o t h  grosve depth ,  w i d t h ,  2nd 

l e n g t h  ss well a s  the number of t e e t h  azd t h e  n;lmSer of  spacer  e lements  

or "darns." Important  dimensions f o r  a l l  e l even  s e a l s  are  provided i n  

Table  1 .  

I n  the  t e s t i n g  of ho le -pa t t e rn  damper seals ,  [12] the  parameter  

ho le  a r e a  

4 

4 

4 

I -  

t o t a l  s i r f ace  area 

was found to  be u s e f i l  i n  p r e d i c t i n g  s ea l  performance. For t h e  

sawtooth-pa t te rn  sea ls  t h e  ho le  is d e f i n e d  as  t h e  p o r t i o n  of t h e  groove 

between t h e  dams; t h u s ,  a s i n g l e  hole has the area A h  - B E. The 

r z t i o  o f  the groove depth  t o  minimum r a d i a l  c l ea rance ,  h/C,, is a l s o  

inc luded  i n  Table  1 .  The sea ls  are grouped where s t a to r s  1 through 4 

have an h/Cp r a t i o  of 4 .8 ,  while s t a to r s  5 th rough 7 ,  and 8 through 1 1  

have h/C, r a t i o s  of 1.9 and 2.9,  r e s p e c t i v e l y .  

The dimensions and  arrangements  of s ta tors  1 through 4 are 

4 

4 
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.74 
-74 
-64 
.49 
.34 
-40 
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.33 
-47 
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4.0 
4.8 
4.0 
4.0 
1.9 
1.9 
1.9 
2.9 
2.9 
2.9 
2.9 

0 

0 

0 r' 105 

80 
55 

8 6 0  
60 

10 60 
11 60 

5 
5 
8 
8 
8 
8 - 

4 
4 
7 
7 
7 
7 - 

1 

3.251 

1 

1.90 
0.40 

B 
(I) 

4.15 
4.15 
7.70 
7 -70 
7 -70 
7 -70 
7 -70 
3.32 
4 -64 
3-32 
4.63 

Table 1 .  Dimensions of sawtooth-pattern stators 
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i l l u s t r a t e d  i n  F i g  5 .  The groove depth  for these seals is 0.10 inches  

(2.54 m m ) ,  which is q u i t e  l a r g e  f o r  damper s e a l s .  The sawtooth  

al ignment  i s  v a r i e d  f o r  t h e s e  f o u r  sea ls  w i t h  t h e  grooves of sea ls  1 

and 3 being a l igned  ( s t r s i g h t  c o n f i g u r a t i o n ) ,  and s ea l s  2 and 4 have 

t h e  grooves s t agge red .  

The dimensions m a  c o n f i g u r s t i o n s  f o r  s t a t o r s  5 through 7 

a r e  i l l u s t r a t e d  i n  F ig .  6 .  These t h r e e  s e a l s  have a t o o t h  d e p t h  of 0.04 

inches  (1 .02  mrr.) anc als:, have a s t r a i g h t  grocve c o n f i g x a t i o n .  The 

s t a t s r  C ' T ~ E S  sectiozs er,ly c i f f e r  ir. t h e  n\x:Ser of t e e t t -  i n  ecck .  

The c o n f i g i r z t i o z s  and diasnsions for s tstws 6 tr;-cJgP. 1 1  a r e  

i l 1 , J s t r s t e d  i n  F ig .  7 .  These s t a t 3 r s  a l l  have a s t a g g e r e c  t o o t h  

conf igx ra t ion .  The groove depth f o r  t h e s e  f o u r  s e a l s  i s  0.06G i nches  

(1.52 mA). 

Dynamic test da t a .  For each  seal  c o n f i g u r a t i o n  t h e  d a t a  are ga thered  

from a test mat r ix  which is obta ined  by vary ing  t h e  runn ing  speed and 

f low r a t e ,  and hence t h e  axial  Reynolds-number. The f low r a t e  range  

v a r i e s  between t h e  maxim.mI capac i ty  of t h e  supply p~unp and t h e  minirn:rn, 

f low corresponding t o  a AP s u f f i c i e n t  t o  gene ra t e  r easonab le  t r a n s i e n t  

p r e s s x r e  s i g n a l s  i n  t h e  t e s t  s e c t i o n .  For any given Reynolds-nmber ,  

t h e  r o t o r  speed is  v a r i e d  over t h e  running  speed c a p a c i t i e s  of t h e  

d r i v e  motors from approximately 1000 RPM to 7200 RPM. The r e s u l t i n g  

d a t a  are  i n  t h e  forn; of r a d i a l  and t a n g e n t i a l  f o r c e  c o e f f i c i e n t s  Fr/A 

and Fe/A as determined by i n t e g r a t i n g  the  t r a n s i e n t  p r e s s u r e  f i e l d  . 
These force c o e f f i c i e n t s  are p resen ted  as f u n c t i o n s  of t h e  running  

speed  f o r  a given axial  Reynolds number va lue .  

To compare t h e  r e l a t i v e  performance of t h e  d i f f e r e n t  s e a l  

a 

4 

(I 

4 
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c o n f i g u r a t i o n s ,  rotordynamic c o e f f i c i e n t s ,  c o n s i s t i n g  of e f f e c t i v e  

s t i f f n e s s ,  e f f e c t i v e  damping, and mass c o e f f i c i e n t s  are e x t r a c t e d  from 

t h e i r  Fr/A and F / A  d a t a .  The fo l lowing  procedure is used t o  e x t r a c t  

these c o e f f i c i e n t s .  

8 

If the  displacement  of t h e  r o t o r  is ass’med t o  be a c i r c u l a r  o r b i t  

of t h e  form 

4 

(I 

X = A coswt Y = A s inwt  

ther,  eq&:icn ( 1 )  y i e l d s  t h e  fo i lowing  d e f i n i t i o n  of f o r c e  c o e f f i c i e n t s  

w h i c h  a r e ,  r e s p e c t i v e l y ,  p a r a l l e l  and norm21 t o  t h e  r o t a t i n g  

displacement  vec to r .  

4 

F / A  = k -Cw 
0 

4 

These equa t ions  s u g e s t  t h a t  a l l  of the  c o e f f i c i e n t s  can be 

o b t a i n e d  by t e s t i n g  a t  three d i f f e r e n t  runn ing  speeds .  However, because 

t h e  cross-coupled c o e f f i c i e n t s ,  c and k, are l i n e a r  f u n c t i o n s  of w [33, 

t h i s  approach is imposs ib le .  Add i t iona l ly ,  fo r  a l o n g  seal wi th  equa l  

r o t o r  ana s t a t o r  roughness ,  t h e  a sympto t i c  c i r c u m f e r e n t i a l  f l u i d  

v e l o c i t y  is R w / 2  and theo ry  [3] p r e d i c t s  t h a t  k = Cw/2 and c = Mu. 

The present  t e s t  appa ra tus  does no t  p rov ide  any i n t e n t i o n a l  p r e r o t a t i o n  

of t h e  f l u i d  so  t h e  v a r i a t i o n  of c and k w i t h  w is expec ted  t o  be of 

t h e  form 
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0 

0 

0 

0 

e 

0 

(3) 

where bl and b2 a re  nondimensiona? c o n s t a n t s .  S u b s t i t u t i o n  of E q .  

i n t o  Eq. ( 2 )  y i e l d s  

The "ne t  darnping c c - e f f i c i e n t " ,  C e f ,  r e s u i t s  fror;. t h e  d r s g  f o r c e ,  

a>d t h e  forward w h i r l  e x c i t a t i o n  f o r c e ,  k k .  By curve f i t t i n g  t h e  

v a l u e s  f o r  F r /A  and F / A ,  t h e  running speed dependency i s  e l i m i n a t e d ,  

and va lues  for  e f f e c t i v e  s t i f f n e s s ,  Kef, damping, C e f ,  and mass, 

Mer, can be ob ta ined .  I t  is evident  from Eq. ( 4 )  t h a t  Kef i s  t h e  zero- 

running  speed i n t e r c e p t  of t h e  clrrve f o r  Fr/A ve r sus  w ,  and Cef is  t h e  

s l o p e  of t h e  curve f o r  F /A versus w .  

0 

0 

For l eakage  performance t h e  convent ional  d i s c h a r g e - c o e f f i c i e n t  

d e f i n i t i o n  

is used. S u b s t i t u t i n g  t h i s  i n t o  t h e  eq'&ition f o r  t h e  flow r a t e  y i e l d s  
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From a rotordynamics v i ewpo in t , t he  v a l u e s  obta ined  fo r  Cef and Kef 

can be used fo r  a d i r e c t  comparison of t h e  d i f f e r e n t  s t a t o r  

conf igu ra t ions .  These va lues  w i l l  a l so  be used f o r  comparing t h e  s ea l  

c h a r a c t e r i s t i c s  t o  t h e o r e t i c a l  p r e d i c t i o n s .  The leakage  performance of 

t h e  sea ls  w i l l  be compared by u s i n g  t h e  nondimensiond l eakage  

c o e f f i c i e n t  cd’1’2. 

The tes t  prograx a n d  the3retics:  a a l y s i s  f o r  t h e  sawtoc th -pa t t e rn  

d m 2 e r  sesls uzs designed t o  answer t h e  fo l lowing  ques t ions :  

( a )  Hou d o  ch&:nges ir! s h ~ t m t k .  g e m e t r y  a f f e c t  t h e  s ; i f f n e s s ,  

darz>i?g, and leakage  c h a r a c t e r i s t i c s  of t h e  sswtooth-pat terf i  sesls? 

( b )  How d x s  t h e  s t i f f n e s s ,  d a r p i z g ,  a d  leakage  performance of 

t h e  sawtooth s e a l s  compare t o  t h o s e  of  t h e  ho le -pa t t e rn  damper seal  and 

smooth seal? 

( c )  How we l l  does t h e  a n a l y s i s  of C h i l d s  and K i m  p r e d i c t  t h e  sea l  

c h a r a c t e r i s t i c s  of t h e  sawt3o th -pa t t e rn  seals? 

4 
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CHAPTER 111 

TEST RESULTS: RELATIVE PERFORKANCE OF SEALS 

0 

a 

e 

0 

The r e l a t i v e  s e a l  performance is eva lua ted  by comparing t h e  

c o e f f i c i e n t s  Kef and Cef obta ined  from t h e  meas-ired va lues  fo r  F r / A  

&ne F6/A as descr ibed  i n  t h e  preceding chapter .  The l eakage  per formmcc 

i s  evElu2ted by a comparison of t h e  va1.Je.s of Cd'1/2. The leakage  d2:a 

t h e  o r i g i n a l  vo r t ex  f ioh lne ters  which y i e i d e c  iEvz:iG d2t.a a t  t h e  h igher  

Reyn?lae-n*ir.Sers. These f l o m e t e r s  were r ep laced  between t h c  t e s t i n g  of 

sea ls  3 and 4 w i t h  t u r b i n e  flowmeters which prcvided  r e l i a b l e  f low-ra te  

d a t a .  

S i n c e  e l even  seals were t e s t e d ,  t h e  sea ls  a re  compared i n  groups 

depending on t h e i r  groove depth.  I n  a d d i t i o n ,  r e s u l t s  f o r  a smooth 

s ea l  and t h e  optimum hole-pa t te rn  damper s e a l  are  inc luded  f o r  
0 

comparison of t h e  sawtooth-pat tern seal  performance. 

0 

S a t o r s  1 through 4 .  Stators  1 through 4 have siffiilar geometr ies  w i t h  

a h/Cr v a l ~ l r  of 4.8. A curve  f i t  of t h e  Fr/A and F e / A  y i e l d s  t h e  va lues  

p l o t t e d  for  Cef and Kef of  F igs .  8 and 9 which are used for  s e a l  

comparison. I t  is e v i d e n t  from the  curves  of F ig .  8 tha t  t h e  damping 

performance f o r  t h e s e  deeply grooved s e a l s  is ,  a t  bes t ,  comparable t o  

t h a t  of a smooth seal and s i g n i f i c a n t l y  i n f e r i o r  t o  t h e  0ptim.m damper 

seal .  I t  is a l s o  appa ren t  tha t  t h e  damping c o e f f i c i e n t  fo r  t h i s  group 

of seals is no t  g r e a t l y  a f f e c t e d  by t h e  v a l u e  of Y .  The va lues  for  Kef 
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p l o t t e d  i n  F ig .  9 show t h a t  t h i s  group of s e a l s  has s i g n i f i c a n t l y  lower 

s t i f f n e s s  va lues  than t h e  smooth seal and  g e n e r a l l y  lower va lues  than  

t h e  h o l e - p a t t e r n  damper s e a l .  A d d i t i o n a l l y ,  t h e  va lues  f o r  Kef a r e  seen  

t o  depend on t h e  va lue  of Y.  The i n c r e a s e  of t h e  hole  a r e a  lowers t h e  

s t i f f n e s s  c o e f f i c i e n t .  Test r e s u l t s  f o r  t h e  h o l e - p a t t e r n  s e a l s  [12]  

showed a c o n s i s t e n t  drop i n  Kef as Y is inc reased .  Note a l s o  t h a t  t h e  

s e a l  performance d i d  not appear t o  change much when t h e  sawtooth  

a1ignr:ent was changed fron; s t r a i g h t  t o  s t agge red .  

The leakage  d a t a  f o r  s e a l s  1 through 4 is shown i n  F i g .  1 C .  A l l  of 

t h e  saGtooth-pa t te rn  s e a l s  leak mdch l e s s  than t h e  smooth s e i l .  

However, s t a t o r s  1 and 2 l eaked  more than  t h e  damper s e a l  while  sea ls  3 

and 4 l eaked  l e s s .  Once a g a i n ,  t h e  al ignment  of t h e  sawtee th  d i d  no t  

i n f l u e n c e  t h e  s e a l  performance. 

S t a t o r s  5 through 7 .  T h i s  group of s e a l s  has  an h/C,=l.9 a s  we l l  as 

t h e  same groove geometry. The c ross  s e c t i o n  of s t a t o r  #5 c o i n c i d e s  w i t h  

t h e  o r i g i n a l  sawtooth-pa t te rn  s e a l  of [ l3].  These s t a t o r s  on ly  d i f f e r  

i n  t h e  number of t e e t h  i n  t h e  c ross  s e c t i o n  which produces a conseqQent  

v a r i a t i o n  i n  Y.  

The c o e f f i c i e n t s  shown i n  Fig. 1 1  aga in  show damping comparable t o  

t h e  smooth seal b u t  s u b s t a n t i a l l y  i n f e r i o r  t o  t h a t  of t h e  h o l e - p a t t e r n  

seal. The damping C o e f f i c i e n t  Is seen  t o  be Independent of t h e  va lue  of 

Y f o r  t h i s  group of s e a l s .  The va lues  of t h e  s t i f f n e s s  c o e f f i c i e n t  of 

F i g .  12 t end  t o  be a l i t t l e  e r r a t i c  but  g e n e r a l l y  similar t o  t h o s e  of 

the h o l e - p a t t e r n  s e a l .  The s t i f f n e s s  va lues  are a l l  lower t h a n  t h e  

smooth seal and ignor ing ,  what appear  t o  be e r r a t i c  d a t a  p o i n t s ,  

r e la t ive ly  independent  of Y as well .  
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The leakage d a t a  i n  F ig .  13 show t h a t  these sawtooth-pa t te rn  sea ls  

l eak  less than t h e  smooth seal b u t  more than  the  bes t  ho le -pa t t e rn  

damper s e a l .  

S t a t o r s  8 through 1 1 .  The tes t  r e s u l t s  f o r  t h e  dynamic d a t a  of s t a t o r s  

8 through 1 1  were curve f i t t e d  t o  o b t a i n  t h e  c o e f f i c i e n t s  presented  i n  

F i g s .  14 and 15. These s t a t o r s  are a g a i n  grouped t o g e t h e r  due t o  

similar groove geometr ies  and a coffimon va lue  of h/Cr=2.9. These sez;- 

des igns  were glrided by experience f r o n  t h e  h o l e - p z t t e r n  sesls, whicr. 

showea t h a t  mzximm. a m p i n g  resulted f o r  h/Cr = 2.9 and Y = 0.34. As 

shown i n  F ig .  14, t h e  s e a l s  i n  t h i s  g r o i p  ex!-,ibit bet ter  dam?ing thiiri 

t h e  smooth s e a l .  None of t h e  seals had d m p i n g  c h a r a c t e r i s t i c s  as good 

as t h e  optimzq ho le -pa t t e rn  damper s ea l .  The s t i f f n e s s  va lues  f o r  t h i s  

group of s t a t o r s  are i l l u s t r a t e d  i n  F ig .  15. While s t a t o r s  8, 9 ,  and 1 1  

have lower va lues  f o r  Kef than  t h e  h o l e - p a t t e r n  seal ,  s t a t o r  10 has  

g e n e r a l l y  higher  Kef va l2es  than t h e  h o l e - p a t t e r n  damper -seal .  All 

s t a t o r s  i n  t h i s  group have lower Kef va lues  than  t h e  smooth s e a l .  

The leakage  performance of these s t a t o r s  is i l l u s t r a t e d  i n  Fig. 

16. Note t h a t  s t a t o r s  8 and 11, Y10.48 and Y=0.47 r e s p e c t i v l y ,  had 

l eakage  comparable t o  t h a t  of t he  damper s e a l ,  Y=0.34. Also, s t a t o r  10, 

Y=0.33, l e a k e d  more than  t h e  hole-pa t te rn  s e a l  w h i l e  s t a t o r  9 ,  Y=0.68, 

leaked less. Again, a l l  sawtooth s ta tors  l e a k e d  less t h a n  t h e  smooth 

s ea l .  

Best r e l a t i v e  perforniance. From a damping v iewpoin t ,  none of t h e  

sawtooth-pa t te rn  sea ls  provided damping performance as good as t h e  

optimiun ho le -pa t t e rn  damper seal .  The maximum effect ive damping 

performance was achieved by seals #lo (YpO.33, h/Cr=2.9) and seal  # l l  
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(~~0.47, hlCr2.9);  each of these s e a l s  provides  a maximum dmjping 

performance a t  va r ious  va lues  of AP, as seen  i n  Fig. 1 4 .  The 0ptim.m 

h o l e - p a t t e r n  damper seal  provides 35 percent  more n e t  damping than  a 

smooth s e a l  as compared t o  an approximatley 18 pe rcen t  i n c r e a s e  f o r  t h e  

bes t  of t h e  sawtoo th -pa t t e rn  damper seals 

The  sawtooth-pat tern s e a l s  all had lower v h l u e s  of Kef than  t h e  

s r o o t h  s e a l .  Two s t a t o r s ,  s t a t o r s  t 5  (Y-0.33, h/Cr=1.9) anc l r l0  

(Y59.33, h/Cr=2,9) , provided the msxim.m, Kef  vaiues  f o r  t h e  s a u t m t h  

s e a l s .  

All eleven s a w t s o t h - p z t t e r n  s e a l s  had s i g n i f i c a n t l y  lower l e z k g e  

ra tes  than t h e  smooth s ea l .  The bes t  leakage pe r fo r rance  was provide.6 

by s e a l s  U 3  and #4 (Y=0.74, h/C,=4.9) and #9 (Y=O.68,  h/Cr=2.9) .  These 

t h r e e  sea ls  had approximately equal values  f o r  cd’1’2, which were lower 

t h a n  t h e  ho le -pa t t e rn  damper s e a l .  

The  sawtooth-pat tern s e a l  which provided t h e  bes t  c h a r a c t e r i s t i c s ,  

from t h e  rotordynamics viewpoint of maximizing Cef and Kef, was s t a t o r  

1110. However, no te  from F ig .  16 t h a t  i t  l eaked  cons ide rab ly  more than  

t h e  optimurr! damper seal . I t  is i n t e r e s t i n g  t o  n o t e  t h a t  t h i s  s t a t o r  

h s s  almost e x a c t l y  t h e  same p a r a m t e r s  as t h e  0ptirt.m. h o l e - p a t t e r n  

damper s e a l ,  w i t h  Y = 0.33 and h / C r  = 2.9. 
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CHKPTER IV 

ANALYSIS 

An ana lys i s  for  t u r b u l e n t  annu la r  s ea l s  w i t h  d i f f e r e n t ,  

directionally-homogeneous sur face- roughness  t r e a t m e n t s  f o r  r o t o r  and 

s t a t o r  elements was developed by C h i l c s  and K i m  [ l l ] .  T h e i r  

a n a l y s i s  i s  based 0.i s l i g k t  m o d i f i c a t i o m  t o  F i r s '  [SI governing 

e q x t i o n s  and xses 2 per : i rSLt ior ,  p r x e d r e  wkiicf4 i s  b a s i c a l l y  t!-'at of 

r e f e r e n c e  [ 7 ] .  AlthoJgh t h e  szwtmth-paLterz  S G ; S  do nc: r i g i d l y  

conforrri t o  the cond i t ion  of having  a d i r e c t i o n a l l y  homogeneous s % . r f z c e  

roaghness ,  t h i s  a n a l y s i s  w i l l  be used t o  make a t h e o r e t i c a l  comparison 

t o  s e v e r a l  of t h e  sawtooth s ea l s  t h a t  have surface roughness p a t t e r n s  

which are approximately homogeneous. 

A d i f f e r e n t i a l  f l u i d  element-, w i t h  upper and lower s u r f a c e s  

corresponding t o  t h e  r o t o r  and s t a t o r  s u r f a c e s  r e s p e c t i v e l y ,  is  shown 

i n  F i g .  17 .  The bulk f l u i d  v e l o c i t i e s ,  which a r e  ave rages  a c r o s s  t h e  

f i l m  h i g h t  H ( e , t ) ,  of t h e  a x i a l  and c i r c u m f e r e n t i a l  f l u i d  v e l o c i t i e s ,  

are U, and Ue. Hirs' t u r b u l e n c e  f o r m x l a t i o n  is bzsed on an empiric2.i 

4 

4 

I 

f u n c t i o n  for  t h e  wall shear stress, T ~ ,  of t h e  form 

where 
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F i g .  17 D i f f e r e n t i a l  fluid element 
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and V u  is t h e  average bulk-flow v e l o c i t y  r e l a t i v e  t o  t h e  wall. For the  

same s - x f h c e  roughness on t h e  s t a t o r  and  r o t o r  s u r f a c e ,  t h e  empi r i ca l  

c o e f f i c i e n t s  mo a n d  no apply  t o  both s u r f a c e s .  For d i f f e r e n t  s u r f a c e  

roughnesses  on t h e  r o t o r  and s t a t o r ,  t h e  wall  s h e a r  s t r e s s e s  a r e  

r e s p e c t  i v e l  y 

4 

4 

w i t h  b x l k  flow v e l o c i t i e s  r e l a t i v e  t o  tP,e r o t o r  arid s t a t o r  

Vs = U0 + U, c Z  

Using t h e  above d e f i n i t i o n s  f o r  t h e  s h e a r - s t r e s s ,  governing 

eqga t ions  c o n s i s t i n g  of a x i a l  a?d c i r c u m f e r e n t i a l  momentum eq'Jations 

a r e  developed. The b u l k  f l o h  c o n t i n u i t y  equa t ion  completes the  

governing equat i ons . 
These governing e q J a t i o n s  d e f i n e  t h e  bglk-flow v e l o c i t y  components 

and  the  pressure a s  f u n c t i o n s  of t he  s p a t i a l  v a r i a b l e s ,  R0 and  Z ,  and 

t h e  t ime.  Using a p e r t u r b a t i o n  techniq'Je t h e  nondimensional v a r i a b l e s  

of these equat ions  ( uz, u p and h )  are expanded i n t o  zero th-order  

and f i r s t - o r d e r  e q Q a t i o n s .  The zero th-order  equa t ions  can be so lved  f o r  

s t e a d y - s t a t e  l e a k a g e ,  v e l o c i t y  f i e l d s  and t h e  p r e s s w e  f i e l d .  The 

e '  

I 
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e 

f i r s t - o r d e r  eqilations d e f i n e  t h e  rotordynamic c o e f f i c i e n t s .  

For a constant  c l ea rance  s e a l ,  t h e  nondimensional zero th-order  

equa t ions  are 

aos = 
1 + ( 1 / 4 b 2 )  J 

Since  the  zeroth-order  eqilations a r e  coilpled and non l inea r  t h e i r  

s o l u t i o n  is i t e r a t i v e .  The i n i t i a l  c o n d i t i o n s  f o r  t h e s e  two non l inea r  

equa t ions  are 

p ( 0 )  = AP / p V 2  

Empir ica l  t w b u l e n c e  c o e f f i c i e n t s .  The a n a l y s i s  of C h i l d s  and K i m  [ l l ]  

c h a r a c t e r i z e s  the  s u r f a c e  roughness of t h e  s t a t o r  and r o t o r  i n  terms of 

empi r i ca l  c o e f f i c i e n t s  (ns,ms,nr,mr). These are t h e  same c o e f f i c i e n t s  
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t h a t  appear i n  Eq. 5. These c o e f f i c i e n t s  must be determined from s t a t i c  

tes t  d a t a  before t h e  t h e o r e t i c a l  p r e d i c t i o n s  can be made for  Fr/A and 

F / A .  The c o e f f i c i e n t s  can be c a l c u l a t e d  i n  t h e  fo l lowing  manner. e 
The s t e a d y - s t a t e  a x i a l  press‘&-€ g r a d i e n t  can be s t a t e d  as 

4 

Leakage is  m e a s r e d  i n  t he  t e s t  appara t?Js ,  and t h e  press*dre i s  meis;lrca 

a t  f i v e  ax ia l  1ocEt ions .  Averages of the  measxed  upstr€ax a7.c 

downstrew, t e n p e r a t w e  and press ’we a r e  w e d  t o  d e f i n e  t h e  d e r s i t y .  S s ,  

f o r  known val-Jes f o r  t h e  d e n s i t y ,  a x i a l  v e l o c i t y ,  and the  measured 

p r e s s * x e  g r a d i e n t ,  t h e  parameter o can be determined.  The press’Jre 

g r a d i e n t  is determined from a curve f i t  of t h e  t h r e e  middle p r e s s J r e  

l o c a t i o n s  s o  e n t r a n c e  end  e x i t  e f f e c t s  do not s i g n i f i c a n t l y  i n f l u e n c e  

t h e  c a l c u l a t i o n .  The three l o c a t i o n s  a r e  a t  approximetely 20, 5 0 ,  and 

80 pe rcen t  of t h e  s e a l  l e n g t h .  For a rough-stator/smooth-rotor 

Combination t h i s  va lue  is o c ,  which is r e l a t e d  t o  t h e  s t a t o r ,  o s ,  and 

The a parameters a r e  related t o  t h e  f r i c t i o n  f a c t o r ,  A ,  by 

9 
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a 

a 

and the  f r i c t i o n  f a c t o r  1s r e l a t e d  t o  t h e  empi r i ca l  c o e f f i c i e n t s  

th rough t h e  f 01 1 O w i  ng f ri e t  i on- f ac t  or f o rmd a s  

a 
where 

b = V / R w  
a 

a 

e 

e 

( 1 0 )  

( 1 1 )  

T h i s  l e a d s  t o  t h e  fo l lowing  problem which  m3st be r e s o l v e d :  g iven  

measured d a t a  sets ( Rai, m i ,  A i  1, determine  t h e  va lues  for m r ,  n r ,  

ms, and ns from Eqs. (10)  and ( 1 1 ) .  

The t a n g e n t i a l  v e l o c i t y  component, u of Eqs. (10)  and ( 1 1 )  is  8’ 

g e n e r a l l y  a f u n c t i o n  of t h e  a x i a l  p o s i t i o n  2. I n  prev ious  a n a l y s e s ,  t h e  

v a l u e  f o r  u has been s e t  equal t o  t h e  c o n s t a n t  asymptot ic  va lue  for  

sea ls  w i t h  equa l  r o t o r  and s t a t o r  roughnesses ,  v i z . ,  u = 112. For t h e  

p r e s e n t  a n a l y s i s  u i s  se t  eqgal  t o  t h e  average nondimensional 

circunf e r e n t i a l  v e l o c i t y  

8 

8 

8 

1 

a 
where u (2) is t he  so1;lt ion of t h e  zeroth-order equa t ions .  Hence Eqs.  

(10) and ( 1 1 )  become 
8 
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(13) 4 

ms ms+l 
A s  = ns Ra [ 1 + (Ue/b12 ] 

4 

Since  t h e  s o l u t i o n  of the  zero th-order  equa t ions  f o r  u and Po depend 

on n,, ms, and ns, the  s o l u t i o n  i s  i t e r a t i v e .  To begin t h e  

i t e r a t i v e  sol’ltion p r o c e d r e ,  a v a l i x  m . i s t  be assumed f o r  u ( 0 )  . G n c t  

t h i s  value is assm.ed,  f i r s t  ap~roxirnZti0r.s f o r  ILr, n r ,  mS, and ns ca:: 

be c a l c d l a t e d  frorr. Eqs. (13 )  and ( 1 4 ) .  Exper ience  shows t h k t  f o r  t h e  

p re sen t  appa ra tus ,  u ( 0 )  = 0.1 is a n  adeqiiate approximation.  

e 

eo 

80 

For a smooth s t a t o r  and  smooth r o t o r  t h e  s a ~ e  c o e f f i c i e n t s  apply  

f o r  both ro tor  and s t a t o r ;  hence, ms = D r ,  and  ns = ms, s o  nr and mr 

can be found f o r  t h e  smooth-rotor/smooth-stator d a t a .  The parameter- 

i d e n t i f i c a t i o n  procedure is s l i g h t l y  d i f f e r e n t  when both s u r f a c e s  have 

t h e  same roughness,  as  apposed t o  t h e  smooth ro to r / rough  s t a t o r  

combination, and a more d e t a i l e d  e x p l a n a t i o n  is provided f i r s t .  

From Eq. ( 8 )  

4 

I 

I 

4 
( 1 5 )  

For t h e  same roughness  on both s u r f a c e s ,  t h e  empi r i ca l  c o e f f i c i e n t s  n 

and m are the  same , a n d  E q .  (15)  can be s t a t e d  

where 
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a 

0 

a 

e 

0 

0 

T h i s  form of t h e  governing equat ions  i s o l a t e s  t h e  unknowr: 

c o e f f i c i e n t s  IG m?d n .  

P r e v i o u s l y ,  t h e  c i r c ' m f e r e n t i a l  v e l o c i t y  u was iiss3&~d t o  be t h e  

a s y n p t o t i c  v e l o c i t y  of 112 which makes -C1=C2 a n d  X=-Y ,  and a l i n e a r  

curve f i t  of t h e  l o g  form of E q . ( 1 6 )  y i e l d s  l n ( n )  a?d E. However, i f  

u is  not eqdal  t o  112, - C 1  is not  equal t o  C2, and performing t h e  

loga r i thm of E q .  ( 1 6 )  w i l l  no t  l i n e a r i z e  t h e  problen.  

8 

8 

I n  t h e  fo l lowing  p r o c e d ? r e ,  u is s e t  equal t o  7 i n  Eq. (17 ) .  The 

parameters  m and n a r e  de f ined  by minimizing t h e  f o l l o w i n g  o b j e c t i v e  

f u n c t i o n  

8 8 

which is t h e  summation over t h e  k d a t a  p o i n t s  of t h e  sqaa red  d i f f e r e n c e  

between t h e  p r e d i c t e d ,  A,,, a n d  t h e  measured, A c i ,  f r i c t i o n  f a c t o r s .  

Minimizat ion of E w i t h  r e spec t  t o  m and n y i e l d s  t h e  fo l lowing  

equat  i ons 

A 
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These nonl inear  eqda t ions  &re s o l v e d  for  n and m ' s i n g  a Nexton-Raphson 

p r  oce dur e .  

Fig. i re  18 provides  a f l O k C h 2 r t  f o r  t h e  so lu t io? .  alg3,rithrr used i?. 

o b t a i n i n g  n a d  m f o r  eq-la? r o t o r  and s t a t o r  rodghnesses .  An i t e r a t i v e  

s o l 2 t i o n  is  r equ i r ed  s i n c e  t h e  d i f f e r e n t i a l  e q u a t i o n s  (6) incl*Jde t h e  

unknown parameters n and m ,  and Eq. (19 )  c o n t a i n s  C 1  and C2 which 

depend on 5 e *  
The above procedlrre was used t o  c a l c u l a t e  t h e  f o l l o w i n g  va lues  f o r  

a seal  w i t h  a smooth r o t o r  and smooth s t a t o r .  

4 

(20 )  mr = -0.112 nr = 0.0353 

The seal t e s t e d  had a four i n c h  ( 101.6 m m )  diameter w i t h  a 0.020 i n c h  

( 0.508 mm) c l ea rance .  

A comparison between meas;lred and predic ted  v a l u e s  for a ,  based on 

these values, over a range  of running  speeds  and Reynolds nimbers is 

given i n  Fig.  19. Observe t h a t  t h e  cu rve  f i t  does a g e n e r a l l y  

s a t i s f a c t o r y  j o b .  

I n  the  p r e s e n t  i n v e s t i g a t i o n ,  we are i n t e r e s t e d  i n  c a l c u l a t i n g  

and ns for v a r i o u s  s u r f a c e  roughened s t a t o r s  e m p i r i c a l  c o e f f i c i e n t s  ms 

4 
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0 

assuming t h a t  va lues  for mr and  nr 

f o r  mr and nr from Eq. (20) are used  i n  t h e  p re sen t  s t u d y .  

are known f o r  t h e  ro to r .  The va lues  

The flowchart of F i g .  20 l l l u s t r a t e s  t h e  s o l u t i o n  p r o c e d * r e  f o r  

t h e  v a l u e s  of ms and ns w i t h  known va lues  f o r  m r  and nr. The upper 

p o r t i o n  of t h i s  f i g u r e  shows t h e  c a l c u l a t i o n  of A r i  from Eq. ( 1 3 ) .  Eq. 

(15) is then  used  to s u b t r a c t  Ari from t h e  meas'xed combined seiil 

f r i c t i o n  f h c t o r  Aci t o  o b t a i n  a val;le f o r  Asi. For a given d a t a  p o i n t ,  

Eq. ( 1 4 )  can be res ta ted  as 

0 

e 

0 

The o b j e c t i v e  f u n c t i o n  t o  be minimized w i t h  r e s p e c t  t o  ln (n , )  and 
ms is 

6 
where Z i  and Z i  are t h e  measured and p red ic t ed  v a l u e s  f o r  Z i  

r e s p e c t i v e l y .  A l ea s t - squa re  curve f i t  of t h i s  r e l a t i o n s h i p  y i e l d s  t h e  

f o l  1 owi ng equat  i ons 
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Fig. 20 Flowchart for the solution of stator 
empirical turbulence coefficients ms,ns 

from test data and known rotor coefficients. 
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The r e s u l t i n g  empi r i ca l  c o e f f i c i e n t s  a r e  given i n  T a b l e  2 

a 

a 

0 

T z b l e  2. Empirical  c o e f f i c i e n t s  f o r  stators 8 throxgh 1 1  

STATOR 

P 8  

# 9  

P 10 

It  11 

0.0974 

0.0492 

-0.0428 

-0.0474 

"S 

0.0279 

0.0747 

0.1008 

0.1971 

Avg. X D i f f  f o r  

aexp vs* 0 t h  

I 

9.9 

7.5 

8.8 

8.8 

These empi r i ca l  c o e f f i c i e n t s  are used i n  a computat ional  method t o  

o b t a i n  p r e d i c t i o n s  for u and for t h e  radial  and t a n g e n t i a l  f o r c e  

coEponents t o  be used i n  t h e  curve f i t  of Eq. 4 .  The experimental  ana 

t h e o r e t i c a l  p r e d i c t i o n s  f o r  0 a r e  shows i n  F i g s .  21 through 24. These 

f i g u r e s  show t h a t  even though  t h e  pe rcen t  d i f f e r e n c e  between t h e  

experimental  and t h e o r e t i c a l  values for u l i s t e d  i n  Table  2 is less 

t h a n  t e n  pe rcen t  for  a l l  f o u r  s t a t o r s ,  t h e  model does no t  do a good job 

of p r e d i c t i n g  t h e  behavior of (1. 
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The p o s i t i v e  v a l u e s  of ms obta ined  fo r  s t a t o r s  # 8 and # 9 a r e  

unexpected. The Reynolds-number r e l a t i o n s h i p  w i t h  t h e  s h e a r  stress, and 

hence o gene ra l ly  y i e l d s  a dec rease  i n  o w i t h  i n c r e a s i n g  Reynolds- 

n m b e r  and subsequent ly  n e g a t i v e  ms values .  For t h e  lower running  speed 

c u r v e s ,  1 ,  2 ,  and 3 f o r  s t a t o r s  # 8 and !I 9 t h e r e  is a d e f i n i t e  

i n c r e a s e  i n  (I w i t h  Reynclds-number. These d a t a  sugges t  t h a t ,  d e s p i t e  

t h e  high Reynolds-n;unbers, t h e  flow is no t  f - d l y  developed i n  t h e  si2.l. 

The i n f l u e n c e  of t h e  lower running speed d a t a  produces t h e  p o s i t i v e  

val.des of ffis f o r  s c1rv t  f i t  of h l l  t h e  d s t z  p o i n t s .  

As noted,  F i g s .  21 throggh 24 shov t h a t  o h a s  a rur,nir.g s p e e d  

dependency. T h i s  running  speed dependency is p r e d i c t e d  by Eq. 17.  For 

t h e  low Reynolds-numbers, and hence lower u v a l u e s ,  t h e  term ug /b  

becomes more s i g n i f i c a n t  as w is i n c r e a s e d ,  s i n c e  b = V / R w .  Whi le  SOKE 

dependency is expec ted ,  t h e  w i d e  s p r e a d  i n  t h e  o va lues  f o r  rough 

s t a t o r s  shows t h a t  t h e  theo ry  i s  n o t  doing a good j o b  of p r e d i c t i n g  o .  

T h i s  dev ia t ion  is n o t  as apparent  i n  t h e  smooth s t a t o r  d a t a  of F i g .  19  

a l though  t h e  running  speed dependency can s t i l l  be observed.  

0 

(I 

(I 
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CHAPTER V 

THEORY VERSUS EXPERIMENT: FORCE COEFFICIENTS 

0 

0 

I n t r o d u c t i o n .  The t h e o r e t i c a l  p red ic t ions  ob ta ined  us ing  t h e  a n a l y s i s  

of C h i l d s  and K i m  [ l l ]  were compared t o  t h e  experimental  t e s t  r e s u l t s  

f o r  s e v e r a l  of t h e  sawtooth pa t t e rn  s e a l s .  As desc r ibed  e a r l i e r ,  t h e  

s a w t m t h - p a t t e r n  s e a l s  do not ,  s t r i c t l y  s p e E k i n g ,  confore t o  t h e  

cortditiofi of h&ving a d i r e c t i o n a l l y  homogeneo.x s J r f & c e  roughness f o r  

which t h e  a n a l y s i s  was developed. The l a s t  gro-ip of s e a l s  t e s t e d ,  

s t a t o r s  8 through 1 1 ,  hac! staggered t o o t h  p a t t e r n s  w i t h  approximately 

"square" h o l e s  which n e a r l y  approximate a homogeneous roughness.  The 

a n a l y s i s  was a p p l i e d  and comparisons were made f o r  t h i s  group of s e a l s .  

The comparisons which were examined were f o r  experimental  and 

- t h e o r e t i c a l  va lues  f o r  t h e  r a d i z l  and t a n g e n t i a l  f o r c e  components, as 

well as t h e  experimental and t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  s t i f f n e s s  

and damping c o e f f i c i e n t s .  In o r d e r  t o  c a r r y  ou t  t h e  f o r c e  

c o e f f i c i e n t  a n a l y s i s ,  t h e  empirical  c o e f f i c i e n t s  of each s t a t o r  were 

determined acco rd ing  t o  t h e  procedure desc r ibed  i n  t h e  A n a l y s i s  s e c t i o n  

of t h i s  r e p o r t .  

Dynamic d a t a .  For any given seal ,  a t e s t  m a t r i x  similar t o  t h e  one used 

t o  o b t a i n  t he  experimental  d a t a  is used  t o  g e n e r a t e  t h e  set of va lues  

f o r  Fr/A and Fe/A. As a matter of convenience t h e  va lues  f o r  t h e  

runn ing  speed ana Reynolds number were t aken  t o  be the  same as t h o s e  

f o r  t h e  experimental  data. 

F i g u r e s  A 1  Through A 8  i n  Appendix A c o n t a i n  t h e  experimental  and 



t h e o r e t i c a l  resu l t s  for  Fp/A and Fe/A v e r s u s  Ra and w for  sawtooth- 

p a t t e r n s  8 through 1 1 .  I n s p e c t i o n  of t h e  r e s u l t s  l eads  t o  some 

i n t e r e s t i n g  o b s e r v a t i o n s .  There is g e n e r a l l y  poor agreement between t h e  

t a n g e n t i a l  f o r c e  components f o r  a l l  four s t a t o r s  a t  a l l  Reynolds 

numbers tested.  I n  a l l  cases, t h e  magnitude of t h e  p r e d i c t e d  r ad ia l  

f o r c e  is much l a g e r  t han  t h e  experimental  v&lue. I t  a l s o  appea r s  t h a t  

t h e  p r e d i c t i o n s  become wwse as t h e  va lue  of Y i n c r e a s e s .  The b e s t  

corn2arisons a re  thosE f o r  s t a t o r  # 10, Y = 0.33. For s t a t o r s  # 8 and U 

1 1 ,  Y = 0.45 a n d  Y = 0 . 4 7 ,  t he  r e s i l t s  tend t c  d e v i a t e  s l i g h t l y  more. 

The r e s a l t s  fsr s t a t o r  8 9 ,  Y = C . 6 ? ,  a r e  by f a r  t h e  worst  w i t h  most of 

t h e  p red ic t ed  val?Jes bein& o f f  by a f a c t o r  of two. T h i s  res;llt sho*dld 

probably be expected s i n c e  as  Y i n c r e a s e s  t h e  sawtooth p a t t e r n  d e v i a t e s  

more from a homogeneous approximation. 

The r a d i a l  f o r c e  p r e d i c t i o n s  f o r  these s t a t o r s  are  much c l o s e r  t o  

t h e  experimental  va lues .  The t h e o r e t i c a l  and experimental  v a l u e s  

compare f a i r l y  well a t  t h e  lower running  speeds  and Reynolds n,mbers.  

As t h e  running speed and Reynolds n,unber are i n c r e a s e d ,  however, t h e  

v a l u e s  begin t o  s t r a y  . 
Rotordynamic c o e f f i c i e n t  comparison. For ano the r  impor t an t  cornpxison 

between the  t h e o r e t i c a l  p r e d i c t i o n s  and experimental  resglts,  t h e  

rotordynamic c o e f f i c i e n t s  ob ta ined  from the  cu rve  f i t  of t h e  radial  and 

t a n g m t i a l  f o r c e  data are t a b u l a t e d  i n  Tables 3,  4 ,  and 5. 

Examination of these tables provides  some impor tan t  i n fo rma t ion .  

I t  can be seen  from Table  3 t h a t  t h e  theory does a n  adequate  j o b  of 

p r e d i c t i n g  va lues  for  Kef. I n  g e n e r a l ,  t h e  t h e o r y  ove r  p r e d i c t s  Kef a t  

4 

4 

4 

t h e  lower Reynolds numbers ana under p r e d i c t s  Kef a t  t h e  h i g h e r  
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Table 3. Experimental  and t h e o r e t i c a l  comparison of Kef 

for s t a t o r s  8 through 11 

-~ 

S t a t o r  Ra 

90,090 
129,900 

Y 8 159,900 
220,000 
282,200 

90,090 
130,100 

I 9 160,300 
219,900 
252,200 

90,050 
129,800 

P 10 160,100 
219,800 
31 6,700 

89,970 
130,000 

# 11 160,000 

272,000 
220,100 

E x p .  

-20,900 
597,000 
787,000 

1,490,000 
1,800,000 

66,900 
695,000 
955,000 

1,220 ,ooc 
1,600,000 

181 ,000 
571,000 

1,130,000 
2,290,000 
3,600,000 

224,000 
504,000 

1,170,000 
1,870,000 
2,730,000 

Theory 

151 ,000 
338,000 
540 ,OOC 

1 ,060,000 
1,560,000 

247,000 
510,000 
775, OOC 

1,390,000 
1,790,000 

242,000 
651,000 
973,000 

1,570,000 
2,930,000 

246,000 
601,000 
948,000 

1,670,000 
2,410,000 

-0.138 
1.76 
1.46 
1 .41  
1.16 

0.271 
1.36 
1.23 
0.877 
0.892 

0.747 
0.877 
1.16 
1.46 
1.23 

0.91 1 
0.838 
1.23 
1.12 
1.13 



Table 4. Experimental and theoret ical  comparison of C,f 

f o r  s t a t o r s  8 through 1 1  

Sta to r  Ra 

90,090 
129,900 

I 8 159,900 
220,000 
282,200 

90,090 
13c, 100 

# 9 160,300 
21 9,900 
25 2,200 

90,050 
129,800 

# 10 160,100 
21 9,800 
31 6,700 

89,970 
130,000 

# 1 1  160,000 
220,100 
27 2,000 

Exp. 

2,550 
5,340 
6,950 
10,200 
14,500 

3,090 
5,630 
7,800 
11,200 
13,600 

3,110 
5,060 
6,870 
9,160 
14,800 

3,330 
5,690 
8,290 
11,300 
14,000 

Theory 

8,750 
9,460 
11,300 
14,800 . 
21,200 

10,400 
12,700 
14,500 
20,700 
24,800 

7 , 320 
9,040 
10,400 

19,800 

9,200 
11,000 
12,400 
16,800 
23,000 

13,100 

0.292 
0.565 
0.614 
0.690 
0.664 

0.297 
0.445 
0.539 
0.5G3 
0.530 

0.425 
0.560 
0.658 
0.699 
0.748 

0.362 
0.518 
0.671 
0.671 
0.61 1 
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0 

a 

T a b l e  5. Experimental and t h e o r e t i c a l  comparison of Mef 

for s t a t o r s  8 thro3gh 11 

S t a t o r  Ra 

90,090 
129,900 

# 8 159,900 
22C ,000 
262,200 

90,090 
130,100 

# 9 160,300 
219,900 
252,200 

90,050 
129,800 

# 10 160,100 
219,800 
31 6,700 

89,970 
130,000 

# 11 160,000 
220,100 
272,000 

Exp. 

7.93 
3.76 
5.76 
7.13 

11.80 

6.84 
4.51 
5.50 

11.5 
11.2 

7.40 
7.63 
5.95 
5.29 

12.4 

9.01 2 
8.991 
7.561 
9.716 

13.500 

Theory 

4.27 
3.39 
2.93 
2.42 
3.06 

3.62 
3.09 
2.56 
2.37 
2.54 

3.79 
2.90 
2.94 
4.45 
4.75 

3.484 
2.969 
2.929 
2.835 
2.961 

1.86 
1.11 
1.96 
2.94 
3.66 

1.89 
1.46 
2.15 
4.84 
4.40 

1.95 
2.63 
2.02 
1.19 
2.60 

2.59 

2.58 
3.25 
4.56 

3 - 0 3  
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Reynolds-n;mbers. There is one except ion  t o  t h i s .  The va ldes  f o r  s t a t o r  

# 9 a r e  over p red ic t ed  a t  t h e  h ighes t  Reynolds numbers. 

The t h e o r e t i c a l  p r e d i c t i o n s  f o r  t he  damping c o e f f i c i e n t s  a r e  much 

worse than f o r  t h e  s t i f f n e s s .  For a l l  s t a t o r s ,  t h e  theo ry  g r e a t l y  

over p r e d i c t s  t he  va lues  of C e f .  The p r e d i c t i o n s  f o r  Cef a t  t h e  lowes t  

Reynolds-numbers a r e  t h e  w o r s t ,  b u t  t he  p r e d i c t i o n s  tend  t o  improve a s  

the  Reynolds-nlmber i n c r e a s e s .  None of t he  p r e d i c t i o n s  a?e  very g m d  

w i t h  t h e  best being f o r  s t a t o r  # 10. 

The t h e o r e t i c a l  va lues  obta ined  f o r  t h e  v d u e s  of Mef a r e  a l s c  n o t  

very good and a r e  all under p r e d i c t e d .  Most of t he  va lues  f o r  Mer a r e  

o f f  by almost ii f a c t o r  of two. 

As a comparison f o r  t h e  q u 2 l i t y  of t h e s e  p r e d i c t i o n s ,  p rev ious  

results f o r  a smooth s e a l  and  a hole  p a t t e r n  damper s e a l  [12] a r e  

provided i n  Table  6. These r e s u l t s  appear b e t t e r  f o r  t h e  p r e d i c t i o n s  

f o r  t h e  values of C e f  than those  obta ined  f o r  t h e  sawtoo th -pa t t e rn  

s e a l s  b u t  worse f o r  t h e  p r e d i c t i o n s  f o r  K e f .  The Mef va lues  ob ta ined  

a r e  comparable f o r  a l l  t h r e e  types of s e a l s .  

a 

4 

4 

4 

4 
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Smooth 

(ex/ t h  1 ( e x / t h )  (ex/  t h  1 

120,100 2.182 0.6636 1.38 
170,600 2.216 0.6909 1.38 
270,500 1.297 0.7565 4 .45  
385 , 200 1.142 0.9350 6 .S& 
495,700 1.261 0.9904 9.35 
500,90C 1.478 0.9401 0.986 

e 

Hol e- 
P a t t e r n  

89,410 1.573 0.4506 1.94 
130,400 1.768 0.6997 2.25 
159,700 1.876 0.7867 2.58 
328,400 2.175 1.205 1.88 

Table 6. A comparison of theoret ical  and measured v a l u e s  

f o r  s t i f f n e s s ,  damping, and added-mass c o e f f i c i e n t s  

1 I I 1 

e 

0 

0 



CHAPTER VI 

CONCLUSIONS 

T e s t i n g  of e leven  sawtooth-pa t te rn  damper s e a l s  was c a r r i e d  out t o  

o b t a i n  rotordynamic c h a r a c t e r i s t i c s  f o r  each s e a l .  Add i t iona l ly  t h e  

r e s u l t s  for  four  of t he  s e a l s  were compared t o  p r e d i c t i o n s  based on an 

a n a l y s i s  developed by C h i l d s  and  Kim [ l l ] .  

The experimental r e s d t s  and t h e i r  comparison t o  theory  sJpp9r-t  

t h e  fo l lowi9g  conclus ions .  

Experimental Resl i l ts  

( a )  A sawtooth-pa t te rn  damper s e a l  can be developed w i t h  m’ich 

b e t t e r  damping and leakage  performance than  a corresponding smooth 

s e a l .  

( b )  The c u r r e n t  d a t a  i n d i c a t e  t h a t  t h e  best sawtooth-pa t te rn  s e a l  

is s i g n i f i c a n t l y  i n f e r i o r  t o  t h e  0ptim.m h o l e - p a t t e r n  s e a l  p rev ious ly  

developed, i n  terms of damping and l eakage .  The b e s t  sawtooth-pa t te rn  

s e a l  improves damping by 18 pe rcen t  over t h e  smooth s e a l  as compared t o  

a lmost  40 percent  f o r  t he  ho le  p a t t e r n  a n d  l e a k s  approximately 20 

pe rcen t  more than  t h e  damper s e a l .  Sawtooth s t a t o r s  3,  4, a n d  9 l e a k  

less than  the  optimum ho le -pa t t e rn  s e a l .  

( c >  The sawtooth s e a l  w i t h  t h e  best o v e r a l l  rotordynamic 

performance, i n  terms of inc reased  n e t  damping and s t i f f n e s s ,  has  

va lues  of h/Cr = 2.9 and  Y = 0.33, which are a lmost  i d e n t i c a l  t o  t h e  

parameters  f o r  t h e  optimum h o l e - p a t t e r n  seal. 

( d )  The e f f e c t i v e  s t i f fness  of t h e  s e a l s  is decreased by 

58 

4 

4 

4 

1 
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a 

0 

0 

i n c r e a s i n g  Y and  h/C,. 

( e )  The leakage  performance of t h e  sawtooth-pa t te rn  s e a l s  is 

improved by i n c r e a s i n g  Y and  h/C,. 

(f) There is no apparent  advantage t o  u s i n g  s t a g g e r e d ,  as opposed 

t o  a l i g n e d ,  sawtooth groove p a t t e r n s .  

Comparison t o  Theory 

Due t o  t h e  l a c k  of a t r u l y  homogeneous sLlrface roxghness ,  t h e  

theo ry  i s  not g e n e r a l l y  app l i cab le  t o  sawtooth-pa t te rn  damper s e d s ;  

however, f o r  t he  seals  t e s t e d  w i t h  an a p p r o x i m t e l y  d i r e c t i o n a l l y -  

homogeneoxs roughness ,  t h e  fo l lowing  conclus ions  can be made: 

( a >  The theo ry  does a f a i r  j o b  of p r e d i c t i n g  t h e  e f f e c t i v e  

s t i f f n e s s  va lues  f o r  t h e  sawtooth-pa t te rn  s e a l s ,  except a t  low Reynolds 

numbers where t h e  p r e d i c t i o n s  do not appear  t o  be very a c c u r a t e .  

(b) The p r e d i c t i o n s  f o r  t h e  ne t  damping c o e f f i c i e n t s  are g e n e r a l l y  

g r e a t l y  over p r e d i c t e d  and not good. 

( c )  The added mass terms a r e  always under p r e d i c t e d ,  u s u a l l y  by a 

very l a r g e  percentage  i n  excess  of 50 p e r c e n t .  

( d )  The t h e o r e t i c a l  values f o r  t h e  r a d i a l  and t a n g e n t i a l  f o r c e  

components are not v e r y  good except a t  t h e  lowes t  va lues  of running 

speed .  
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A P P E N D I X  A 

EXPERIMENTAL AND THEORETICAL R E S U L T S  FOR RADIAL 

A N D  TANGENTIAL FORCE C O E F F I C I E N T S  FOR S T A T O R S  8 THROUGH 1 1  
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